Abstract. Excess energy is stored as neutral lipids in lipid droplets (LDs) whose surface is coated by PAT proteins, each playing a distinct cellular function. The adipocyte differentiation-related protein (ADRP) and tail-interacting protein (TIP47) are expressed almost ubiquitously, whereas the oxidative tissue-enriched PAT protein (OXPAT) is expressed in specific tissues, such as the liver. In rat liver, only ADRP expression has been documented. This study was aimed at identifying OXPAT and TIP47 transcripts in rat hepatocytes, and investigating how their expression is modulated by excess lipids, using fat-enriched hepatocytes to mimic different degrees of steatosis. Primary rat hepatocytes were exposed to fatty acids (FFAs) for 12, 24 and 36 h. Lipid accumulation was estimated by spectrophotometric quantification of triacylglycerol. Expression of PAT proteins as well as of PPARÁ was evaluated by real-time RT-PCR. Hepatocytes exposed to FFAs showed progressive lipid accumulation. The increase in lipid content was associated with the induction of PAT protein expression. At 12 h, OXPAT and TIP47 mRNA expression was up-regulated. At longer times, the level of OXPAT transcripts remained high, whereas that of TIP47 slowly declined. Conversely, ADRP expression showed a time-dependent increase with exposure to FFAs. This study demonstrates, for the first time, the presence of OXPAT and TIP47 transcripts in rat hepatocytes, as well as their upregulation with lipid accumulation. The distinct time courses observed for the three PAT proteins during FFA exposure might reflect the different roles played by each protein in lipid metabolism in the hepatocyte. Up-regulation of TIP47 and OXPAT might represent an early response to excess lipids, while, in correspondence with a lipid overload, upregulation of ADRP could address lipids towards storage.
Introduction
Excess intake of nutrients may cause ectopic fat accumulation in hepatocytes (steatosis) resulting in a condition called nonalcoholic fatty liver disease (NAFLD) (1, 2) . The pathophysiological basis of NAFLD is excess of circulating free fatty acids (FFAs) that enter the hepatocyte where they are converted to triacylglycerol (TAG) and stored as a form of cytosolic lipid droplets (LDs) (review in ref. 3) .
LDs store energy-rich fats for later use as metabolic fuel, but also act as dynamic cell organelles of high complexity connecting storage and traffic of lipids towards specific cellular destinations or signaling pathways (4) . Typically, LDs are composed of a core of neutral lipids surrounded by a phospholipid monolayer and a group of proteins of the 'PAT family'. The acronym refers to the first three members identified, perilipin, adipocyte differentiation-related protein (ADRP), and tail interacting protein (TIP47). Two other proteins, S3-12 (5, 6) and oxidative tissue-enriched PAT protein (OXPAT) (7, 8) have been recently identified in mice and humans (9) .
The members of the PAT family show different size, stability, tissue specificity and affinity for LDs, thus suggesting that each PAT protein may be involved in distinct cellular functions (10, 11) .
In human and mouse liver, ADRP and TIP47 are reported to be constitutively expressed (11, 12) . In rat liver, ADRP is well documented as a steatosis marker in both NAFLD and alcoholic liver disease (ALD) syndromes, whereas OXPAT and TIP47 are not documented. ADRP (adipophilin) is almost ubiquitously expressed in basal conditions and it is up-regulated in the hepatocytes of patients and mice with fatty liver (13) . Lipid accumulation seems to prevent ADRP protein degradation (14) . In rat hepatocytes, ADRP promotes the incorporation of lipids in LDs, thus resulting in enlargement of the LD size, and inhibits FFA ß-oxidation (15) .
In humans and mice, OXPAT is selectively expressed in tissues that exhibit a high capacity for FFA oxidation, including heart, brown adipose tissue, liver and muscle (7, 16) . OXPAT is stable in the cytosol of cultured cells in the absence of excess lipids, but it moves to the LD surface during lipid loading (9) . Therefore, OXPAT is postulated to regulate lipid storage for short-term utilization through oxidative pathways (8) .
TIP47, also known as placental protein 17 (PP17), shares a very high degree of homology with ADRP. Like OXPAT, TIP47 binds LDs in response to lipid loading (17) .
Peroxisome proliferator-activated receptors (PPARs) are transcription factors regulating expression of many proteins involved in lipid metabolism. Expression of the PPARs (·, Á and ß/‰) generally correlates well with the tissue expression profile of the PAT proteins. In human hepatocytes, PPARÁ is documented to regulate both ADRP and OXPAT expression (8, 13) . By contrast, TIP47 is not regulated by PPARs (18) .
The present study was aimed at assessing if OXPAT and TIP47 are constitutively expressed in adult rat hepatocytes. Moreover, possible modulation of ADRP, OXPAT and TIP47 expression by lipid loading was evaluated. To this aim, fatenriched hepatocytes were obtained by exposure of primary rat hepatocytes to a mixture of FFAs for different times, according to the model of cellular steatosis previously described in human hepatoma HepG2 cells (19) .
In fat-enriched hepatocytes, the increase in TAG content was paralleled by the increase in size and number of LDs. Moreover, the reported lipid accumulation was associated with up-regulation of ADRP, OXPAT and TIP47, despite distinct time courses in relation of exposure to FFAs and lipid accumulation. These findings support the hypothesis that expression of these PAT proteins represents selective markers of fat accumulation also in rat liver.
Materials and methods
Chemicals. All chemicals, unless otherwise indicated, were of analytical grade and were obtained from Sigma-Aldrich Corp. (Milan, Italy).
Primary rat hepatocyte isolation and culture. Hepatocytes were isolated from adult male Wistar rats (Harlan-Italy, S. Pietro al Natisone, Italy), as previously described (20) . Cells suspended in serum-free Dulbecco's modified Eagle's medium (DMEM) supplemented with essential and non-essential amino acids were plated onto collagen-coated tissue culture dishes in the presence of insulin (0.1 U/ml) and dexamethasone (10 -6 M). After 90 min, the medium was replaced by fresh DMEM containing 1% bovine serum albumin (DMEM-1%BSA); cells were further incubated at 37˚C in a humidified atmosphere of 5% CO 2 in air for 24 h (19) . To induce lipid accumulation, hepatocytes were incubated in the presence of the long-chain FFAs oleate and palmitate (1.5 mM final concentration, 2:1 molar ratio) for 12, 24 and 36 h (19) . Control hepatocytes were incubated in the medium without addition of FFAs for the same periods of time. In all experiments, cell viability, estimated by trypan blue exclusion test, was >90%. At the end of treatment, cells were scraped, washed twice in sodium phosphate buffer (PBS) and then stored at -80˚C until use.
For microscopical analysis, hepatocytes were grown and treated directly on collagen-coated glass slides (Falcon, BD, Milan, Italy).
Lipid quantification. Intracellular triacylglycerol (TAG) content in was quantified after lysis of hepatocytes by spectrophotometric analysis using the commercial GPO-PAP kit (Roche, Milan, Italy), according to the manufacturer's instructions. At the indicated times, cells were washed, scraped and briefly centrifuged; the pellet was resuspended in 200 μl methanol. Lipids were extracted by adding 500 μl chloroform and the resulting mixture was shaken for 1 h. After addition of 250 μl H 2 O and brief vortexing, samples were centrifuged at 2,000 x g for 25 min. The lower phase was collected and evaporated overnight. The dry pellet was then incubated with 500 μl of the Roche solution at 37˚C for 15 min. TAG content was estimated by recording the absorbance at 500 nm in a Varian Cary 50 spectrophotometer (Varian, Torino, Italy). Values were normalized for the protein content (mg/ml) determined by the bicinchoninic acid (BCA) method using bovine serum albumin (BSA) as a standard (21) . Data are expressed as percent TAG content relative to controls.
Neutral lipid staining.
In intact cells, neutral lipids were visualized using the soluble selective dye oil red O (ORO) (22) . After treatments, slides were washed three times with iced PBS and fixed with 4% paraformaldehyde in PBS (pH 7.4) at 4˚C for 1 h, then incubated in 0.3% working ORO solution (prepared from a stock solution of 0.5% ORO in 60% triethylphosphate) at room temperature for 30 min. ORO-stained cells were then counterstained with hematoxylin and slides were mounted in 10% glycerol in 10 mM Tris-HCl. Slides were examined by digitized optical microscopy using light microscope Nikon Eclipse E80i (Nikon, Japan) equipped with x10 objective lens. Densitometric analysis of ORO-stained cells was performed with a custom-made routine on the Optimas 6.5 image analysis system (Optimas, Washington DC) by extracting the mean log inverse value of pixels within the area boundary (mArLIGV).
RNA extraction and real-time RT-PCR.
Total RNA was isolated from different hepatocyte samples by the acid phenol-chloroform procedure using the Trizol reagent (Sigma) according to the manufacturer's instructions (23) . First strand cDNA was synthesized from 1 μg of total RNA (24) . Quantitative RT-PCR was performed in quadruplicate in a final volume of 25 μl containing 0.3 μM of each primer, 10 ng cDNA, 1x SybrGreen PCR Master Mix and were analyzed in 96-well optical reaction by 7900 HT fast real-time PCR system (Applied Biosystems, Monza, Italy). Primers for the genes of interest (Table I) were designed ad hoc starting from the coding sequences of Rattus norvegicus (http://www.ncbi.nlm.nih.gov/Genbank/GenbankSearch.htm) 
and synthesized by TibMolBiol custom oligosynthesis service (Genova, Italy). The thermal protocol consisted of 3 min initial denaturation at 95˚C, followed by 40 cycles of amplification. The relative quantity of target mRNA was calculated by using the comparative C T method and normalized for the expression of glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Parallel measurements were performed using actin and 18S rRNA as housekeeping genes without observing any significant difference in the expression profiles. The normalized expression was expressed as relative quantity of mRNA (fold induction) with respect to controls (25) .
Statistical analysis. Data on real-time RT-PCR are means ±SD of at least three independent experiments performed in triplicate. Data on TAG quantification are means ±SD of three independent experiments. Statistical analysis was performed by using ANOVA followed by Bonferroni post hoc test (Instat software, GraphPad Software, Inc., San Diego, CA, USA).
Results

Identification of OXPAT and TIP47 in rat genome and constitutive transcription in hepatocytes.
A coding sequence annotated as 'predicted to be similar to lipid protein associated' (ncbi ID, 501283) was identified in the genome of Rattus norvegicus by blasting the cDNA sequence of the Oxpat derived from Mus musculus (ncbi ID, DQ473305). Alignment of this rat sequence against the Oxpat sequences derived from different mammalian sources revealed high identity values ranging from 69.7 to 90.1% (data not shown). Based on these results, we could refer to this cDNA sequence as the sequence encoding for OXPAT in genome of Rattus norvegicus. In rat genome, the Oxpat gene is adjacent to a sequence encoding the PAT protein S3-12, and about 180 kbp downstream of the M6prbp1 gene encoding the TIP47 protein (ncbi ID, NW047865.1) (Fig. 1A) . This location is similar to that of the mouse, in which the Oxpat gene is located on chromosome 17. In contrast, in the rat, the Oxpat gene maps to chromosome 9 (9q11). The whole chromosome alignment of rat chromosome 9 against the whole mouse genome indicates that the two terminal regions of rat chromosome 9 overlap mouse chromosome 17, while the majority of rat chromosome 9 corresponds to mouse chromosome 1 (Fig. 1B) . Fig. 2A shows the alignment and the sequence identity for the three PAT proteins from Rattus norvegicus. The alignment of OXPAT, TIP47 and ADRP protein sequences revealed high scores of identity, ranging from 29.1 to 38.2%. The carboxy-terminal motif, highly conserved in all PAT proteins, is indicated by a black box (26) .
Expression of the three PAT proteins in rat hepatocytes was quantified by real-time RT-PCR (Fig. 2B) . In control hepatocytes, the amplification curves showed differences in ΔCt values over five cycles between ADRP and TIP47, and over nine cycles between ADRP and OXPAT. This observation points at the following relative abundance of PAT protein mRNAs in adult rat hepatocytes, ADRP>TIP47>OXPAT.
Lipid accumulation and PPARÁ mRNA expression. Fig. 3 shows the time course of lipid accumulation in primary adult rat hepatocytes exposed to the oleate/palmitate mixture (final concentration 1.5 mM). Exposure to FFAs for 12, 24 and 36 h raised the TAG content by 23% (p<0.05), 73% (p<0.001), and 166%, (p<0.001), respectively, with respect to controls (C) (Fig. 3A) . No lipotoxicity was observed when cell viability was checked by Trypan blue test. Therefore, the results indicate that the protocol of exposure of primary rat hepatocytes to the oleate/palmitate mixture results in fat-enriched hepatocytes with the degree of fat accumulation being roughly proportional to the time of exposure.
Murine models developing fatty livers usually express enhanced levels of PPARÁ. When expression of PPARÁ was assessed by RT-PCR, the results show up-regulation of PPARÁ at 12 h exposure to FFAs (3.8-fold induction with respect to control, p<0.001) (Fig. 3C) . At longer exposure times, PPARÁ expression declined to 1.5-fold induction at 24 h (p<0.05) and returned to control values at 36 h.
Expression of PAT proteins. Expression of OXPAT, TIP47
and ADRP mRNA in different experimental conditions was quantified by real-time RT-PCR (Fig. 4) . Early after exposure of hepatocytes to FFAs, OXPAT transcription showed marked up-regulation with respect to control (1.75-fold induction at 12 h; p<0.001) that persisted at longer times of exposure (1.71-and 1.53-fold induction at 24 and 36 h; p<0.001 and p<0.01, respectively).
In rat hepatocytes, also TIP47 mRNA expression was upregulated after 12 h exposure to FFAs (1.42-fold induction with respect to control; p<0.01), followed by a slow return to control values at longer times of exposure.
On the other hand, after exposure to FFAs the ADRP mRNA expression increased significantly with respect to control only at longer times (1.37-and 1.28-fold induction at 24 and 36 h; p<0.001 and p<0.01, respectively).
Discussion
Five members of the PAT family proteins, each with characteristic tissue-specificity and affinity, have been identified in LDs of different tissues including muscle, liver, brown and white adipose tissue (10) . In the liver of humans and mice, three major PAT proteins are commonly expressed, ADRP, OXPAT and TIP47 (9) . By contrast, little information is so far available on PAT proteins in the rat liver, where only ADRP expression has been reported (27) .
In the present study, we identified, for the first time, the presence in adult rat hepatocytes of OXPAT and TIP47 mRNA transcripts. Moreover, our data show that in rat hepatocytes the constitutive expression of OXPAT is higher than that of TIP47, and both genes show a lower basal expression with respect to ADRP. The higher constitutive expression of ADRP with respect to the other two PAT proteins in rat hepatocytes confirm previous reports obtained in vivo in mouse liver (16) .
An interesting difference between the mouse and the rat is the chromosomal location of the pertinent genes. While in the rat, Oxpat, Tip47 and S3-12 genes map on chromosome 9, in mouse the same genes are located on chromosome 17. However, chromosome alignment indicates that the two terminal regions of rat chromosome 9 overlap mouse chromosome 17, while the majority of rat chromosome 9 corresponds to mouse chromosome 1. It is noteworthy that rat chromosome 9 scored the highest recombination rate (0.71) compared with mouse chromosomes 1 and 17 (0.61 and 0.57, respectively) (28) , and that the rat genome has an higher number of chromosome arms (64) with respect to mouse genome (40) (29) . These data, together with the telomeric position of the Oxpat gene in rat, suggest a highest probability that recombination events occurred in rat genome rather than in mouse. However, recombination is known to occur non-uniformly across the genomes of mammals (30) (31) (32) (33) , and we are far from understanding how and why it takes place during evolution.
Moreover, in the rat genome, the Oxpat gene is located immediately upstream of the gene encoding S3-12, and close to the Tip47 gene. We also found this genomic organization in Homo sapiens, Canis familiaris and Bos Taurus. Dalen and coworkers (16) hypothesized that the S3-12 and Oxpat genes were derived from gene duplication of an ancestral version of the Tip47 gene, since their transcripts are closely related. The present study confirms this genomic organization also in Rattus norvegicus.
In the liver, lipid accumulation occurs in several pathophysiological conditions, such as NAFLD and ALD. In mammals, fatty liver results in up-regulation of the expression of one or more PAT proteins. In this study, we investigated possible changes in the mRNA level of three PAT proteins as a function of lipid accumulation in the hepatocyte. Primary cultures of rat hepatocytes were exposed to a mixture of long-chain FFAs for increasing periods of time in order to mimic different degrees of hepatic 'steatosis'. According to previous reports, the FFA mixture contained a low proportion of the saturated with respect to the mono-unsaturated FFA (oleate/palmitate 2:1 ratio, total concentration 1.5 mM) to minimize possible cytotoxic effects (34, 35) ; moreover, this FFA concentration is similar to the physiological FFA levels of mammalian plasma that usually range between 0.2-2 mM.
The results evidenced a time-dependent increase in lipid accumulation that appeared as micro-and macro-vesicles in the cytosol. Overall, in our in vitro model, the longer the time of exposure to FFAs, the greater the amount of lipids accumulated in the cells.
The pivotal role of PPARÁ in the liver, although important for the regulation of genes involved in lipid metabolism, has generally not been fully appreciated, due to the fact that PPARÁ, in contrast to PPAR· or PPAR‰, is not abundantly expressed in liver under normal conditions. However, recent findings have revealed that in obese and mice fed a high fat diet, PPARÁ mRNA is highly up-regulated in the liver (36, 37) . Our results indicate that, also in vitro, hepatic lipid accumulation is accompanied by significant up-regulation of PPARÁ expression, which peaked at early times (12 h exposure in our case) and decreased thereafter. This suggests that PPARÁ expression is up-regulated at inception of lipid accumulation, but that excessive lipid loading, obtained by prolonging exposure to FFAs, reverses this effect.
Interestingly, in rat hepatocytes, the transcription profiles of the different PAT proteins displayed remarkably distinct time-courses during FFA exposure. Both OXPAT and TIP47 were significantly up-regulated at 12 h, in correspondence to the first increase in lipid accumulation, but the increase in OXPAT expression was persistent, whereas that of TIP47 was transient, declining towards control values at high lipid overload. On the contrary, ADRP expression reached maximum values in correspondence to a large lipid overload. These data resemble those obtained in oleate-treated murine adipocytes, where TIP47 and OXPAT were shown to coat nascent LDs during rapid fat storage, whereas ADRP was involved in sustained fat storage (38) . Moreover, the plateau observed for ADRP expression at 24 h of FFA exposure is very similar to what was observed in HepG2 cells incubated with troglitazone by Motomura and coworkers (13) .
Such a pattern of PAT expression may reflect the different roles played by each protein in lipid metabolism in the hepatocyte. OXPAT seems to promote FFA consumption and facilitate lipid storage for near-term utilization through oxidative pathways (8) . TIP47 mediates delivery of nascent TAG to the storage depots (8, 38) . On the contrary, ADRP overexpression is associated with increase in size of LDs and inhibition of ß-oxidation of FFAs as a response of a massive increase in TAG content (15) .
Taken together, our data suggest that, after exposure to FFAs, rat hepatocytes initially activate catabolic pathways in an attempt to eliminate the excess of FFAs (i.e. through induction of OXPAT and TIP47 proteins). Then, when the cell is overloaded with lipids, a sustained up-regulation of ADRP would stimulate the fat packaging inside LDs in order to avoid excess stimulation of catabolic pathways that would result in severe oxidative stress condition. Therefore, this study demonstrates that the pattern of PAT protein expression is correlated with the extent of lipid accumulation in hepatocytes as a function of their specific role in lipid metabolism. It is suggested that the level of PAT protein expression is a reliable marker for liver 'steatosis'.
Moreover, the fat-enriched rat hepatocytes described in this study could represent a viable in vitro model of hepatic steatosis that could find numerous applications i.e. to test novel therapeutic strategies for human fatty liver disease. 
